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ABSTRACT
Steel-plate composite concrete (SC) structures consist of external steel-plates
acting compositely with a concrete core. These steel plates provide reinforcement
and serve as formwork decreasing construction time when compared to conventional
reinforced concrete (RC). SC structures have recently been used for nuclear power
plant (NPP) construction in the United States, Japan, and Korea. The structural
behavior of SC structures has been extensively studied and design standards have
recently been published as AISC N690 Appendix N9. This standard provides specific
guidance for design basis loads and general guidance for impulsive and impact loads.
While the use of SC structures in the United States has been almost exclusively
in NPPs, there are important benefits for engineers of other protection needs to be
aware of. For example, it has been demonstrated that the same level of projectile
protection can be achieved from an SC wall which is 30% thinner than an RC wall.
Similar protective benefits are provided by SC walls against explosive loads. This
paper includes an explanation of design philosophy and recommended design
methods for impulsive and impact loads.
INTRODUCTION
Steel-plate composite concrete (SC) structures (see Figure 1) consist of external
steel-plates which serve as flexural reinforcement and formwork. These steel plates
act compositely with a poured concrete core through headed stud anchors welded to
the steel plates. Tie bars provide shear reinforcement in service and stability of the
steel plates during construction. Because the steel plates serve as formwork
construction time is decreased when compared to that of conventional reinforced
concrete (RC). SC structures have recently been used for nuclear power plant (NPP)
construction in the United States, Japan, and Korea [1,2] and are being considered
for the next generation of small modular reactors (SMR).
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Figure 1. Typical SC Wall Section (from [3])

This structural system has been experimentally investigated in the U.S., Korea,
and Japan. Much of this research, focused primarily on design basis loads, has been
incorporated into AISC N690[4]. The specification provides general guidance to
design SC structures for impact or impulsive loads. Recent work has begun to
improve understanding of SC behavior under these extreme events [3,5–7].
SC structures are well suited for protective construction. Considering local
effects from projectile impact, SC walls provide the same level of protection as an
with 30% less thickness than an RC wall [8]. Bi-Steel®, a proprietary version of an
SC wall, has been shown to provide the same level of protection against blast events
as an RC wall which is twice as thick [9]. Considering SC and RC walls of the same
thickness and reinforcement ratios, the mid-span displacement of an SC wall section
was around 75% of the displacement of an equivalent RC wall section for a variety
of lengths and blast loads [7].
This paper summarizes the design provisions provided in AISC N690 and
explains experimentally validated methods to design SC structures to resist the effects
of impact (such as tornado- or hurricane-generated projectiles, aircraft impact, or
turbine failure fragments) and impulsive loads (such as from accidental explosions
or terrorist threats).
SUMMARY OF AISC N690 APPENDIX N9
The behavior of SC walls in flexure, in-plane shear, and out-of-plane shear has
been studied, clearly described, and developed into a design specification as
Appendix N9 of AISC N690s1 (Draft) [4] (Supplement No. 1 to AISC N690-12[10],
due to be published in 2015). The commentary of the supplement contains a flowchart
to facilitate use of Appendix N9. The contents, organization, and utilization of the
appendix are summarized in [11].

AISC N690s1 Section N9.1.6. provides general guidance for the design of SC
structures to resist impact and impulse loads. Maximum values for dynamic increase
factors (DIF) used in analysis of impact or impulsive loads are given as are
deformation ductility limits for flexure- and shear-controlled SC walls and for those
with axial compressive loads. In designing an SC wall to resist an impact load,
criteria for both local effects and overall structural response must be satisfied and the
steel faceplate thickness must be at least 1.25 times the calculated thickness. To
calculate the response of an SC wall to impulsive loads, the appendix provides three
general options:
(1) Account for dynamic effects of the impulsive load by calculating a dynamic
load factor (DLF),
(2) Use impulse, momentum, or energy balance methods to calculate the dynamic
effects of the impulsive loads, or
(3) Perform a time-history dynamic analysis including mass and inertial
properties and nonlinear resistance behavior of the structural members.
The commentary of AISC N690s1 Appendix N9 provides recommendations for
analysis of impact loads on SC walls using single-degree-of-freedom (SDOF) or
finite element (FE) analysis. The commentary also describes a rational method to
calculate the steel faceplate thickness required to prevent perforation by projectile
impact. The method they recommend is described in the following section of this
paper. Provided in the commentary are a series of figures that show the required SC
wall thickness required to prevent perforation by a variety of projectile diameters,
weights, and initial velocities.
IMPACT RESISTANT DESIGN OF SC WALLS
There are two primary design concerns or an SC wall required to resist the effects
of impact loads (e.g. tornado- or hurricane-generated missiles, turbine fragments,
heavy load drops, or aircraft impact): (1) ensure the wall is not perforated by the
impact and (2) confirm that the wall remains stable after impact by ensuring a
ductility or end rotation limit is not exceeded. While related, these two design
concerns may be considered in two separate analyses.
Design SC Wall to Prevent Perforation
Bruhl et al. [5] provided a three-step rational method to design an individual SC
wall against local failure due to a specific missile. The local failure mechanism for
missile impact on SC walls is shown in Figure 2. As shown, the impact side steel
plate is conservatively neglected. The missile dislodges a conical concrete plug
which, in turn, impacts the rear steel plate. The rear steel plate is impacted by the
concrete plug and original missile as they move together. The three steps to design
the rear steel plate are:
(1) Select an initial concrete wall thickness. This may be from previous design
calculations or from practical limits. For new designs, this thickness may be
assumed to be 70% of the required thickness of an RC wall calculated using
DOE-STD-3014[12] or NEI 07-13[13].
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Figure 2. Impact Sequence of Missile on SC Wall (from [5])

(2) Estimate the residual velocity of the concrete plug as it dislodges from the
surrounding concrete. This requires calculating the weight of the concrete
plug and the minimum missile velocity needed to form the plug.
(3) Calculate the required plate thickness to prevent perforation by the impacting
concrete plug and missile. Use this thickness for both steel plates.
Equations and additional explanation for each step are provided in [5]. The
method was validated against the complete database of 130 missile impact tests
conducted on SC walls by a variety of researchers over a 30-year period and the
authors included a factor in the equations to account for statistical variation. The
authors also provided details of a benchmarked finite element modeling method for
use in more detailed analyses of local effects due to projectile impact on SC walls.
Others [14–16] have suggested that the rear steel plate be considered as an
equivalent concrete thickness. Combining this equivalent thickness with the actual
concrete thickness to determine a total equivalent thickness, conventional RC
equations can be used to evaluate the performance of a given design. These methods
are most useful for investigating the perforation resistance of an existing but can be
manipulated to solve for required steel plate thickness. As explained in [5] results
from these equivalent thickness methods tend to be less conservative than the more
direct three-step method described above.
Evaluate SC Wall Global Response due to Missile Impact
While a wall may prevent perforation by a specific missile, the global
deformation must be within certain limits to maintain structural stability. Two
idealized methods exist for conducting a global analysis as shown in Error!
Reference source not found.: (1) a SDOF model in which the entire wall section is
idealized as a single effective mass with an inelastic spring or (2) a two-degree-offreedom (TDOF) model which separates the mass into global and local effective
masses with corresponding inelastic springs defined for each. Equivalent viscous
damping can be applied to the effective mass but is often conservatively neglected.

SINGLE-DEGREE-OF-FREEDOM ANALYSIS
Johnson et al.[3] suggested that for cases in which the projectile is stopped by the
wall and the response is dominated by global bending, an inelastic SDOF model can
be used to estimate the maximum mid-span displacement (see Figures 3(a) and (c)).
This requires solving the equation of motion (Equation (1)) for the displacement-time
history, y(t).
ݕܯሷ ሺݐሻ  ݕܥሶ ሺݐሻ  ܴሺݕሻݕሺݐሻ ൌ ݂ሺݐሻ

(1)

The effective mass, M, can be calculated using the mass transformation factor,
KM, which is 0.14 for elastic response and 0.10 for plastic response of a square fixededge panel with a central concentrated load [6]. Because the value of primary interest
is the first peak of the displacement-time history, damping, C, is often conservatively
neglected [17]. Bruhl et al. [6] provided prescriptive equations to calculate an
idealized static resistance function, R(y), for square two-way SC panels with four
fixed or four simply supported edges subjected to a central concentrated load. The
forcing function, F(t), depends on the type of impact in question. The modified Riera
method may be used for aircraft impact [18]. Methods for idealizing F(t) for other
types of impact are described in [19].
TWO-DEGREE-OF-FREEDOM ANALYSIS
SDOF analysis cannot account for local deformation. For these cases, a TDOF
analysis will yield more reasonable results and provide an understanding of how
much of the total displacement is due to global bending and local deformation. For
this analysis, two equations of motion are written – one for each degree of freedom
– and solved simultaneously. Bruhl et al.[20] described a method to develop
idealized resistance functions for both inelastic springs (global and local), how much
of the mass to associate with both DOFs, and how to account for damping
(particularly of the local DOF). Their work was not prescriptive. Additional work
is necessary to fully develop this method of analysis for SC walls.
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Figure 3. SDOF and TDOF Models and Displacements

BLAST RESISTANT DESIGN OF SC WALLS
There is limited experimental data available in the literature regarding the blast
response of SC walls. A series of blast tests on fully enclosed steel-concrete-steel
panels [21] and on thin profiled steel sheet cast compositely with concrete [22] have
been conducted. These do not include shear studs and tie bars. Tests of two other
steel-concrete composite panel configurations, one with J-hooks in place of headed
stud anchors and tie bars and the other with internal longitudinal stiffeners have also
been reported [23]. Results from tests of the Bi-Steel® system were described
qualitatively [24,25]. This structural system tends to have larger flexural and shear
reinforcement ratios than typical SC walls and Bi-Steel® does not include stud
anchors. While results from each of these test series are instructive, none can be used
to evaluate general performance of SC walls to blast loads.
Numerical experiments of the far-field blast response of SC wall sections have
been conducted and a SDOF model accurately estimated the maximum mid-span
deflection [7]. From this study, the authors concluded that tie bar design was a critical
component to ensuring flexural behavior particularly for large blast loads (scaled
distance, Z, of less than 3-ft/lb1/3). The authors of this study described a rational
method to design an SC wall to resist a given blast threat by adapting the provisions
for RC wall blast resistant design from UFC 3-340-02 [17] to account for the
differences between SC and RC. One conclusion from this study was the need to
space tie bars more closely than the AISC N690 recommended tsc/2.
Recent experimental tests by the authors of one-third scale SC wall sections have
demonstrated that the SDOF model provides conservative estimates of the maximum
mid-span displacement of SC panels subjected to large blast loads. The study
included 12 specimens of various designs subjected to different loads. Section
parameters varied were steel plate thickness, steel plate strength, tie bar diameter, and
tie bar spacing. Lower pressure (Z ≈ 11.6-ft/lb1/3) and higher pressure shots (Z ≈ 6.8ft/lb1/3) were included in the study. The tests were conducted in the U.S. Army Corps
of Engineers – Engineering Research and Development Center (USACE-ERDC)
Blast Load Simulator (BLS) in Vicksburg, MS. These test results will be used to
develop guidance to design SC structures to resist blast loads.
CONCLUSIONS
SC structures are well suited for protective construction. A rational method to
design an SC wall to prevent projectile perforation is available in the literature. SDOF
or TDOF analysis methods to quantify global deformation due to projectile impact
which does not perforate the wall are in development. A rational method to design an
SC wall to resist blast loads is also under development based on a recent series of
experiments conducted by the authors.
Additional research is recommended for the following:
 Experimentally confirm the static resistance function of a two-way SC
panel subjected to a central concentrated load,
 Experimentally confirm the accuracy of SDOF and TDOF methods to
estimate displacement / deformation of a two-way SC panel subjected to
a central impact load, and



Develop understanding of connection behavior under blast and impact
loads.
With these additional experimental results to inform future numerical studies,
comprehensive design of SC structures for a variety of extreme events will be
possible. The ultimate goal is to provide more effective protection for critical
infrastructure, personnel, and equipment.
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